Ant-nest beetles (Paussus) are the quintessential Trojan horses of the insect world. They hack the complex communication system of ants, allowing them to blend into the ant society and be treated as royalty, all the while preying upon the ants and the ants' brood and duping the ants into rearing their young [1] [2] [3] . Here we present results of the first molecular-based phylogeny of ant-nest beetles, which reveals that this symbiosis has produced one of the most stunning examples of rapid adaptive radiation documented to date. The most recent ancestor of a Paussus clade endemic to Madagascar is only 2.6 million years old. This species gave rise to a remarkably phenotypically diverse clade of 86 extant species with a net diversification interval of 0.38-0.81 million years, a rate of radiation faster than classic textbook examples of large, recent, rapid radiations such as Anolis lizards on Caribbean islands, cichlids of the East African Great Lakes, finches on the Galá pagos Islands, and Drosophila and tetragnathid spiders on the Hawaiian Islands [4] [5] [6] [7] [8] . In order for Paussus to adapt to a new host ant species, the beetle's ability to perceive, deceive, and communicate with the new host must evolve quickly and in synchrony in both the larval and adult life stages, resulting in unusually strong selective pressure levied by their host ants. Data on host associations suggest that the history of host shifts may help explain both the striking phenotypic diversity within the Malagasy radiation and the evolution of phenotypically similar yet distantly related species in Madagascar and Africa.
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Results and Discussion
Like many insects that seek shelter and food in the nests of social insects, ant-nest beetles (Carabidae: Paussus) have developed a wide range of striking morphological and behavioral adaptations to exploit these food-rich and well-protected resources, often resulting in bizarre forms (Figures 1 and 2 ). Previous systematists divided this group into about 40 genera or subgenera based on different sets of the most blatant anatomical differences among Paussus species, which are the very features intimately tied to host ant interactions and therefore likely under strong selective pressure. Thus, the taxonomy of Paussus has been in a state of turmoil, as evinced by deeply contradictory classifications [2, 9, 10] . Recently, Nagel [11] synonymized all of these genera/subgenera into one broadly defined genus, Paussus, consisting of 340 described and at least 50 known yet undescribed species distributed in Africa, Madagascar, India, Southeast Asia, and the Palearctic, with each species endemic to only one of these biogeographic regions.
Areas of Endemism and Dispersal Events
Bayesian inference and maximum-likelihood analyses of both single-gene and concatenated data sets recover highly concordant topologies and indicate that past classifications of Paussus do not reflect evolutionary history (see Figure S1 available online). Not surprisingly, a past focus on the conspicuous morphological features associated with myrmecophily has historically obscured the discovery of shared derived characters indicative of evolutionary history. Many of the previously proposed subgenera are polyphyletic, and Paussus itself (as defined by Nagel [11] ) is not monophyletic without the inclusion of some other genera (e.g., Hylopaussus and Granulopaussus), which nest well within Paussus based on molecular data.
As shown in studies of other taxa (e.g., [12, 13] ), our results demonstrate that for Paussus, areas of endemism are better predictors of monophyly than the morphological characters traditionally used to define groups, demonstrating the highly plastic nature of these traits and that these characters bear greater ecological than phylogenetic significance (Figures 1  and S2 ). The origin and initial radiation of Paussus occurred well after continents were more or less in their present-day locations, indicating that dispersal, rather than vicariance, largely established their continental-scale patterns of distribution seen today ( Figures 1A and S2) .
Our results show that the most recent common ancestor of Paussus evolved in continental Africa following a dispersal event to Africa from Southeast Asia ( Figure S1 ). Species subsequently dispersed from Africa to (1) the Palearctic on at least three separate occasions, (2) Southeast Asia on at least two separate occasions, and (3) to Madagascar once ( Figure S1 ). That the Malagasy fauna forms a single monophyletic group is one of the most unanticipated results of our study, given the phenotypic heterogeneity within this radiation ( Figures  1A and 2 ). Three previous authors addressed the biogeographic history of the Malagasy Paussus, and using Hennigian argumentation based on morphological characters, each suggested a very different hypothesis for the origin of the modern fauna, ranging from two to five independent colonizations of Madagascar from African or Indian lineages [2, 9, 10] . Contrary to all previous hypotheses, our results indicate that the 86+ species of Malagasy Paussus represent a single monophyletic clade, originating from a single common ancestor that dispersed to Madagascar from Africa around the PliocenePleistocene transition. It is not surprising to recover a pattern of distribution that minimizes the number of long-distance dispersal events, due to the low likelihood of such an event being successful in a group that forms intimate associations with ants.
Tempo and Pattern of Diversification
Using only conservative parameters for priors associated with fossil calibrations, divergence time estimation reveals that the most recent common ancestor of the Malagasy fauna began to radiate only 2.6 mega-annum (Ma) ago (95% confidence interval 3.6-1.7 Ma) ( Figures 1A and S2 ), a remarkably recent time frame for the evolution of these 86+ species with marked phenotypic diversity. Even with this cautious estimate, the net *Correspondence: wmoore@email.arizona.edu diversification interval (NDI) [14] of speciation events within the Malagasy radiation is 0.38-0.81 Ma, a rate faster than classic examples of rapid adaptive radiations, such as the cichlid fish radiations in Lake Tanganyika (1.6-2.2 Ma) and Drosophila radiations on islands in the Pacific Ocean (0.88 Ma, 4.3-5.0 Ma) (as recently reviewed [15] ).
Lineage-through-time (LTT) plots suggest that there was a marked increase in diversification rate in the tribe Paussini coincident with the evolution of Paussus approximately 23 Ma ago ( Figure 1B ). The general shape of the LTT plot and g statistic are consistent with a recent burst of speciation (g = 4.45) [16] and strongly reject the null hypothesis of constant diversification through time within Paussini (p = 6.081251 3 10 26 ). Using a time-calibrated diversity tree incorporating species richness data for unsampled taxa coupled with a stepwise Akaike information criterion method (MEDUSA) that fits increasingly complex diversification regimes to detect shifts in lineage diversification rate, we identified two instances of escalated diversification within antnest beetles (Figures 1 and S1 ). The first rate increase corresponds to the diversification of crown group Paussus 23.3 Ma ago, resulting in at least 390 extant species. This coincides with multiple sources of ecological opportunity, including the colonization of continental Africa from Southeast Asia ( Figure S1 ), and the acquisition of several key innovations [17] that enhanced these beetles' ability to communicate with and deceive their host ants, including (1) a sophisticated abdominal stridulatory organ, which allows for acoustic communication with and deception of their host ants [2, 18] ; (2) the acquisition of cephalic openings on the vertex, from which these beetles secrete appeasement chemicals; and (3) the complete fusion of all nine antennal flagellomeres into one piece, which is filled with glands that secrete an unknown substance that attracts the host ants [19] . This structure, which occurs in an astonishing diversity of forms among Paussus species, clearly plays an important role in maintaining Paussus-host ant interactions, and it appears to be under strong selection pressure by their host ants. The second surge in diversification rate occurred 6.5 Ma ago and corresponds to a clade comprising the Malagasy radiation and a sub-Saharan African radiation in which most species have cup-shaped antennae ( Figure 1C , hexagons) that fill with appeasement chemicals offered to the ants.
Host Ant Associations
Although host ant associations are known for only a small percentage of the 390 Paussus species, confirmed reports exist of associations between Paussus species and members of a wide variety of ant genera, mainly within the large ant subfamilies Myrmicinae and Formicinae [2, 20] (Figure S3 ). Thus, Paussus have adapted to new, and sometimes distantly related, host ant taxa throughout their evolutionary history. Given that the ecology of Paussus species is intimately tied to their host ants, in order for a species to adopt and adapt to a new host, the beetle's ability to perceive, deceive, and communicate with the new host must evolve quickly and in synchrony in both the larval and adult stage, resulting in unusually strong selective pressures at both life history stages. We predict that these unusually strong selective pressures have led to explosive radiations of phenotypically diverse species, as well as the convergent evolution of similar phenotypes in Madagascar and Africa-two of the most remarkable attributes of this lineage (Figures 1 and 2) .
Host Ant Shifts and Phenotypic Change
There is a striking degree of morphological disparity among species groups within the Malagasy Paussus radiation, especially associated with antennal form (Figure 2) . In all species of Paussus, all segments of the antennal flagellum are fused into a single piece, which is filled with glands that secrete an unknown substance that attracts the host ants [19] . Although there is striking morphological divergence between the species groups, antennal shape within each species group is relatively constant [2, 9] . To date, host ant data are known for twelve Malagasy Paussus distributed in six species groups [21, 22] . Without exception, all members of the same Malagasy Paussus species group are known to live with the same species of host ant (Table 1) . Fidelity between gross morphological shape and host ant association suggests that shifts to new host ants are correlated with shifts in Paussus phenotype (Figure 2 ).
Host Ant Associations and Putative Ecomorphs
Some distantly related Paussus species have very similar phenotypes ( Figure 1C ), so similar that previous subgeneric classifications predicted that they were each other's closest relatives [2, 9] (see Figures 1C and S1 ). Our results reveal that their similarity is a product of convergent evolution between distantly related species in different major biogeographic regions. We predict these morphotypes may be ecomorphs selected for by similar adaptive pressures related to either ecological or phylogenetic aspects of their host ant association ( Figure 1C) . Ecomorphs are morphologically similar species that share similar ecological niches but are only distantly related; instead, their similarity is the result of convergent evolution driven by adaptation to similar habitats [23] . The evolution of ecomorphs has been demonstrated in famous adaptive radiations, including Anolis lizards on Caribbean islands [24, 25] , cichlids of the East African Great Lakes [26] , and tetragnathid spiders on the Hawaiian Islands [27] .
Given our current understanding of Paussus host associations, it appears that Paussus ecomorphs are adapted to live with closely related host ant species. For example, P. nr. adjunctus and P. cucullatus ( Figure 1C ) are both known to live with Pheidole megacephala, and P. nr. klugi and P. leroyi (Figure 1C) are both known to live with the same species of Pheidole; in fact, our exemplars of these species were collected from the same ant colony. However, ample host ant data are not yet available to test this hypothesis statistically across all of Paussus. For example, in the case of Madagascan P. jeanneli and African P. cephalotes, host ant data are known from one member of the pair but not the other. Likewise, African P. nr. leechi are associated with Tetramorium, but the host ant of the phenotypically similar Paussus n. sp. from Madagascar is unknown ( Figure 1C ). The situation is further complicated by the fact that most known hosts for Paussus are Afrotropical Pheidole, a hyperdiverse group of morphologically similar species in need of revision [28] , making species identifications particularly challenging. However, Paussus are specialized predators of the host ants, so genomic analyses of their gut contents (which are now beginning) will substantially assist in identifying Paussus host ants in the future.
This study establishes ant-nest beetles as an important new group for studying adaptive radiation. We show that shifts to new host ants correspond to shifts in beetle phenotype, and that the same sets of ecomorphs have evolved independently in distantly related ant-nest beetle lineages. Genomic, developmental, and morphometric studies are needed to test our hypothesis of ecomorphic convergence among distantly related Paussus species, and to assess the potential role of host-ant stress and/or phenotypic plasticity in Paussus evolution [29] . Likewise, integrative, detailed studies of morphological, molecular, and ecological evolution within the adaptive radiations of Paussus will reveal whether patterns and processes noted in other adaptive radiations are also at play in the evolution of these ecologically fascinating and phenotypically bizarre myrmecophilous beetles.
Experimental Procedures
Taxon Sampling Eighty-eight species, representing all six subtribes and 15 of the 22 genera of Paussini, were included in this study (Table S3) . Increased sampling within the morphologically diverse and speciose genus Paussus, including 62 taxa representing 17 of the 25 Paussus subgenera, was used to test previous subgeneric classifications. Included were 17 Malagasy species spanning the range of morphological diversity in this lineage.
Gene Sampling, Amplification, and Sequencing Total genomic DNA was extracted from specimens using a DNeasy Blood & Tissue Kit (QIAGEN). Four nuclear gene fragments were used in this study: 28S, CAD, wg, and ArgK. Target fragments were amplified and sequenced using standard PCR (Tables S1 and S2 ) and Sanger sequencing methods.
Alignments
Protein-coding genes were aligned using default settings in OPAL [30] as implemented in Mesquite [31] . The length-variable 28S was aligned in MAFFT [32] using the L-INS-I strategy. Unalignable characters in the 28S matrix were excluded from further analysis. Aligned matrices for all gene fragments were concatenated using Mesquite, resulting in a matrix of 88 taxa and 2,903 characters.
Phylogenetic Analyses and Divergence Time Estimation
PartitionFinder [33] was used to select the best model of evolution and partitioning scheme for all data sets and analyses. Maximum-likelihood (ML) trees were constructed using RAxML hosted on the CIPRES Science Gateway [34] implementing 500 nonparametric bootstrap replicates with a subsequent ML search for the optimal tree.
For Bayesian analyses, topology and divergence dates were estimated simultaneously in BEAST v1.7 [35] on the CIPRES Science Gateway using the GTR+G model with a relaxed clock allowing branch lengths to vary according to an uncorrelated lognormal distribution. The analyses incorporated the birth-death model of speciation and an uncorrelated lognormal-relaxed molecular clock model, with all parameters estimated from the data. Clock and tree parameters were linked across all data partitions. All other priors, except for the calibration points described below, were left at the BEAST defaults. Parameters were estimated using a single run of 100 million generations, with parameters sampled every 1,000 generations. Convergence and the effective sample size of parameter estimates were checked in Tracer v1.5 [36] . A summary tree of 147,465 sampled generations was generated using TreeAnnotator v1.7.0 [35] .
Fossil Calibration Points
Divergence time estimates were calibrated with data from over 20 Paussini fossils that could unambiguously yet conservatively be used to calibrate three nodes ( Figure S2 ). Therefore, three calibration points were applied with their priors modeled as a lognormal distribution.
Tempo and Pattern of Diversification
Lineage-through-time (LTT) plots were inferred via the R package APE [37] using the most probable BEAST topology, as well as from 50 trees randomly sampled from the posterior distribution of trees from the BEAST analysis ( Figure 1B) .
We computed the g statistic [16] in R using the phytools [38] package to test the null hypothesis that per-lineage speciation (b) and extinction (d) rates have remained constant through time. Rejection of this hypothesis might provide evidence for evolutionary events such as adaptive radiation or the evolution of key innovations [39] . A step-wise Akaike information criterion method, MEDUSA [39] , was then used to assess the phylogenetic position, magnitude, and timing of shifts in diversification rate on our BEAST chronogram (Table S4 ). Since MEDUSA incorporates full taxonomic richness data for incompletely sampled clades, we constructed a diversity tree by collapsing nodes with incomplete sampling and assigning species diversity to the resulting major stem lineages (Table S5) .
To compare the rates of evolution within Malagasy Paussus with other classic examples of recent radiations, we calculated the net diversification interval (NDI) [14] , defined as the average time elapsing between the origin of a new lineage and the next branching of that lineage (assuming no extinction).
Ancestral areas of endemism were reconstructed on the ML tree of the concatenated matrix using an unordered ML algorithm and a singletransition rate model (MK1, Markov k-state 1-parameter model [40] ) as implemented in Mesquite.
See the Supplemental Experimental Procedures for further details.
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